This paper presents the results of an experimental research on the effects of "Fischer Tropsch-Paraffin" (Sasobit) content on physical and rheological properties of Sasobit modified bitumen at various operational temperatures. For this purpose, bitumen with a Performance Grade (PG) of 58-22 is selected as the base and later it is modified with 1, 2, 2.5, 3, and 4 weight percent of FT-Paraffin (Sasobit). The performance of modified bitumen at high, intermediate, and low temperatures is evaluated based on Strategic Highway Research Program (SHRP) Superpave tests. Results of the study show that FT-paraffin improves the performance of bitumen at high temperatures in addition to increasing the resistance of mixture against permanent deformation. Despite the advantages of FT-paraffin on bitumen performance at high temperatures, it does not show a considerable influence on the intermediate and low temperature performance of bitumen. The effect of FT-paraffin content on the viscosity of modified bitumen is also investigated using Brookfield Viscometer Apparatus. Results show that increasing the additive content lowers the viscosity of modified bitumen. This in return can reduce the mixing and compaction temperature of asphalt mixtures.
Introduction
Flexible pavements are always prone to various distresses during its service life caused by loading-and weatherinduced stresses. High temperature rutting and low temperature cracking are instances of these distresses, the formation of which is known to be highly dependent on performance of the bitumen of the asphalt mixtures [1] . The performance of bitumen at different temperatures can be related to its penetration grade; high penetration grade of bitumen means it is soft, which means higher cracking resistance at low temperatures and higher permanent deformation under loading at high temperatures. On the other hand, bitumen with low penetration grade or hard bitumen has less low temperature cracking but more rutting resistance [1, 2] . This alteration can be related to the complex rheological behavior of bitumen at different loading times and temperatures [3, 4] . To improve the behavior of the asphalt mixtures, a well-known solution is to enhance the properties of bitumen. Modification of bitumen using synthetic polymers for improvement of its rheological properties, increasing cohesion and temperature susceptibility, goes back to 1970s [5] [6] [7] .
Warm Mix Asphalt (WMA) is an asphalt mixture with lower short-term ageing properties compared to Hot Mix Asphalt (HMA). The reason lies behind the modification of bitumen by additives that reduce the temperature required for asphalt mixture operations such as laying and compaction. This option has some other significant advantages over HMA including less energy consumption for mixture heating and therefore less air pollution of the heating process. According to previous researches, WMA has the following advantages over HMA [8] [9] [10] . (iii) Fuel and energy savings.
(iv) Improvement of compaction operations.
(v) Less delay time for construction operation.
(vi) The possibility for transferring asphalt mixtures to longer distances.
(vii) Easier distribution of asphalt mixtures in cold regions.
(viii) Higher strength against imposed loads.
(ix) Reduction of bitumen ageing.
(x) Improvement of rheological properties of bitumen.
Modification of bitumen is usually carried out by inserting an additive material to the bitumen. For example, commercial waxes are used as flow improver in asphalt concrete and mastic asphalt [1] . There are many forms of waxes such as Synthetic Zeolite (Asphamin), WAM Foam, FT-Paraffin (Sasobit) that can be added to modify the performance of bitumen to apply them in WMA [8] [9] [10] [11] . This research is focused on the effects of FT-Paraffin (Sasobit) additive as a commercial wax on the physical and rheological properties of bitumen of WMA. FT-Paraffin forms a homogeneous solution with the base bitumen in the mixing process and considerably reduces the viscosity of bitumen. After crystallization, FT-Paraffin forms a lattice, reinforcing the structure of bitumen. The recommended percentage of FT-Paraffin is 0.8 to 3 weight percent of the bitumen [9, 10] .
Experimental Procedures

Materials and Sample Preparation
Bitumen (Base Bitumen).
In order to evaluate the effect of FT-Paraffin content on the performance of asphalt cement, Table 1 .
FT Paraffin Wax (Sasobit).
FT-Paraffin is a long chain aliphatic hydrocarbon (chain lengths are in the range of 40 to 115 carbon atoms), which is obtained from distillation of coal tar using the Fischer-Tropsch process. At temperatures below the melting point, it forms a crystalline network structure in the binder that is reported to provide added stability [12] . The properties of the FT-Paraffin used in this research are shown in Table 2 .
Mixing Procedure.
As discussed earlier, FT-Paraffin is added to the base bitumen in amounts of 1, 2, 2.5, 3, and 4 weight percent of base bitumen at 130
• C. At this temperature, the mixture is stirred for 20 minutes with a frequency of 300 rpm using high shear Silverson model mixer. Physical properties and thermal sensitivity of modified bitumen are determined by the calculation of Penetration Index (PI) and Penetration Viscosity Number (PVN) indices.
Test Method
Conventional Bitumen Tests.
Conventional bitumen tests such as softening point (ASTM D36) and penetration grade (ASTM D5) are performed to characterize base bitumen and FT-Paraffin modified bitumen. In addition, to evaluate the effect of FT-Paraffin content on the thermal sensitivity of modified bitumen, the PI and PVN of bitumen are calculated and studied.
The rheological properties of modified bitumen at high and intermediate temperatures are measured by using Dynamic Shear Rheometer (DSR) (ASTM D7175), the creep stiffness of bitumen at low temperatures is measured by using Bending Beam Rheometer (BBR) (ASTM D6648) and the viscosity of the bitumen is evaluated by application of Brookfield rotational viscometer (ASTM D4402).
Finally, by determination of the bitumen performance at various temperatures and classifying them according to Superpave classification system, the performance grades of modified bitumen are determined and compared.
Aging
Procedure. Short-and long-term laboratory ageing of the base bitumen and modified bitumen are performed using the Rolling Thin Film Oven (RTFO) test (ASTM D2872) and the pressure ageing vessel (ASTM D6521), respectively.
Dynamic Shear Rheometer Test (DSR)
High Temperatures. In this study, Dynamic Shear Rheometer (DSR) is employed on the base bitumen and FT-Paraffin modified bitumen before and after RTFO aging process based on ASTM D7175 using a Bohlin DSR50 rheometer. DSR is performed at high temperatures sweeps (HT) from 46 to 82 • C at constant frequency of 10 rad/s. The principal viscoelastic parameters which is determined in these temperatures are the complex shear modulus (G * ), phase angle (δ), storage modulus (G ), and the loss modulus (G ). G and G are related to each other through the phase angle (δ), which is the phase shift between the applied shear stress and shear strain responses during the test. The phase angle is a measure of the viscoelastic balance of the material behavior as tan δ = G /G .
Intermediate Temperatures. The stiffness of bitumen at intermediate temperatures is one of great importance in prevention of fatigue cracks. Using the results of dynamic mechanical analysis, it would be possible to investigate the fatigue behavior of modified bitumen. The fatigue parameter is chosen to reflect the energy dissipated per load cycle, which can be calculated as G * · sin δ [13] . The specification prescribed a relationship whereby a reduction in G * · sin δ at 1.59 Hz corresponds to improved fatigue resistance.
In this research, in order to evaluate the effect of FTParaffin content on the bitumen performance at intermediate service temperatures, the DSR test (ASTM D7175) is implemented on the PAV aged bitumen in a temperature range of 19-34
• C at the constant frequency of 1.59 Hz.
Low Temperatures. To evaluate the effect of FT-Paraffin content on the performance of modified bitumen at low temperatures, the creep stiffness test (ASTM D6648) is implemented by the BBR (Bending beam rheometer) cannon instrument company on base and modified bitumen after the PAV ageing process. In this study, the beam of bitumen (127 mm long, 12.7 mm wide, and 6.35 mm thick) is submerged in a constant-temperature bath at each test temperature (starting from −24
• C) for 60 min. After preparing the samples, a 980 ± 50 mN load is applied for 1 ± 0.1 seconds to the rectangular beam, which is supported at both ends by stainless steel half-rounds (102 mm apart), and the deflection of center point is measured continuously. By implementing this test, the contents of creep rate (m-value), and creep stiffness (St) are determined for all the specimens in −6 to −24
• C temperature range at the thermal interval of 6
• C (ASTM-D6373). The creep rate (m-value) and creep stiffness (St) are also investigated at the specified temperature and various loading times (from 8 seconds to 240 seconds).
Result and Discussion
Effect of FT-Paraffin Content on Temperature Susceptibility.
The effect of FT-Paraffin content on physical properties of modified bitumen can be seen in Table 3 .
According to Table 3 , increasing the content of FTParaffin leads to a decrease in the penetration grade and an increase in softening point of modified bitumen. This trend shows the increased PI index of modified bitumen per increased content of FT-Paraffin, in a way that the modified bitumen containing 4% FT-Paraffin has the maximum PI index. Moreover, by increasing the content of FT-Paraffin, the bitumen viscosity of bitumen at 135
• C is decreased. This trend causes a reduction of PVN index. Lower values of PI and PVN indicate higher temperature susceptibility, and asphalt mixtures containing binders with lower temperature susceptibility should be more resistant to cracking and rutting. The reverse trend of PI and PVN shows that the current bitumen tests, which are used as the basis for calculation of thermal sensitivity of bitumen cannot be a suitable criteria for evaluation of the thermal sensitivity of FT-Paraffin modified bitumen.
Effect of FT-Paraffin Content on Viscosity.
The viscosity of bitumen at high temperature is considered as an important factor because it represents the ability to pump bitumen through an asphalt plant, coating aggregate in asphalt concrete mix, and place and compact the mixture [14] . The effect of FT-Paraffin content on the viscosity of the bitumen is evaluated using Brookfield Viscometer (ASTM D7175) at 120
• C, 135
• C and 150
• C and the viscosity-temperature changes graphs are shown for the base and the FT-Paraffin modified bitumen. Figure 1 demonstrates that, at a given temperature, by increasing the FT-Paraffin content, the viscosity of bitumen decreases. Figure 1 also shows that the viscosities of all modified bitumen at 135
• C are less than 3000 mPa·s and the viscosities of modified bitumen at this temperature, fulfils the ASTM D6373 requirements. The mixing and compaction temperature of the asphalt mixtures have been determined according to the viscosity-temperature graph and this is a temperature at which the bitumen viscosity will be accordingly 170 ± 20 and 280 ± 30 centistokes (ASTM D6926). From Figure 1 , it would be possible to study the effect of FT-Paraffin content on the mixing and compaction temperature of asphalt mixtures. Figures 2  and 3 show the effects of Sasobit content on mixing and compaction temperature ranges, respectively. According to these figures, by increasing the FT-Paraffin content, the mixing and compaction temperatures of asphalt mixture are decreased and therefore, by modification of bitumen by FTParaffin additive, it would be possible to mix and compact asphalt mixtures at lower temperatures. 
The Performance of FT-Paraffin-Modified Bitumen at
High Temperatures. For rutting resistance, a high complex modulus (G * ) value is favorable because it represents a higher total resistance to deformation and a lower phase angle (δ) is favorable as well because it reflects a more elastic (recoverable) component of the total deformation. According to this study, at a given temperature, by increasing the FT-Paraffin additive in base bitumen, the G * and δ values have increased and decreased, respectively. A similar trend can be seen for modified bitumen after the RTFO ageing process.
In the Superpave binder specification, rutting is taken into account using a rutting factor (G * / sin δ), which is solely dependent on the rheological properties of the asphalt binder. The higher the rut factor for the binder, the stiffer the asphalt concrete should be and thus more resistant to rutting. Figures 4 and 5 show the G * / sin δ trend for base and modified bitumen, before and after the RTFO ageing process in a temperature range of 46
• C to 82
• C and at the constant frequency of 1.59 Hz. The simultaneous increase of G * and reduction of δ with the increased content of FT-Paraffin increases the rut factor (G * / sin δ) as well as the resistance against permanent deformation at high temperatures. Table 4 shows the effects of FT-Paraffin content on the high service temperature. The high service temperature is a temperature at which the G * / sin δ will be larger than 1 kPa (G * / sin δ > 1 kPa) for unaged bitumen and larger than 2.2 kPa (G * / sin δ > 2.2 kPa) for RTFO aged bitumen (ASTM D2872). According to Table 4 , the maximum pavement design temperature increases with the increase in FT-Paraffin content. This trend improves the bitumen performance at high temperatures. Figure 6 is the graph of tan δ for temperature range 42
• C-82
• C at the constant frequency of 1.59 Hz. This graph has been used to study the viscoelastic behavior of modified bitumen and evaluate their elasticity sensitivity at various temperatures. This figure shows that the value of tan δ decreases with the increase in FT-Paraffin content at this temperature range, in a way that the bitumen samples containing more contents of FT-Paraffin have less sensitivity against thermal changes in comparison with samples containing no or less additive. On the other hand, bitumen samples containing higher FT-Paraffin content, the viscoelasticity of bitumen is less dependent to thermal changes. • C, bitumen containing contents of FT-Paraffin are able to fulfill the requirements at higher temperatures. Therefore, it can be stated that the modification of bitumen by FT-Paraffin additive does not have a remarkable effect on fatigue resistance of the asphalt mixture.
The increased amount of intermediate service temperature (IT) per various amounts of FT-Paraffin additive has been represented in Table 5 .
The Performance of FT-Paraffin-Modified Bitumen at Low
Temperatures. In pavement design, low temperature is the temperature at which the PAV aged bitumen beam has creep stiffness of 300 MPa minus 10
• C, 60 seconds after loading by bending beam rheometer apparatus. The m-value of the bitumen beam is more than 0.3 at the time of loading. Figure 8 shows the stiffness of Sasobit modified bitumen at different temperatures. From this figure, it can be observed that when FT-Paraffin content increases, the stiffness of bitumen at low temperature is also increased. This trend is more apparent at lower temperatures. Figure 9 shows the m-value change tendency with temperature for base and modified bitumen. According to this figure, at a given temperature, higher FT-Paraffin content result in lower m-value. The variation of stiffness and m-values shows that increasing FTParaffin percentage exacerbates the performance of modified bitumen at low temperatures. In other words, specimens containing lower contents of this additive will have better performance at low temperature. It must be noted that although higher FT-Paraffin content reduces the minimum pavement design temperature, the trend is in such a way that even in the worst situations (4% FT-Paraffin) the lower limit of performance grade remains unchanged. The minimum temperature value at which the bitumen meets the requirements is represented in Table 6 ; this temperature is called low service temperature (LT). From the table, it can be vividly seen that higher contents of FTParaffin cause a rise in minimum design temperature of pavements. Figure 10 shows the changes of performance grade (PG) of base and FT-Paraffin modified bitumen on the basis of Superpave performance classification system (ASTM D6373). According to this figure, by increasing the FTParaffin content, the performance of modified bitumen samples shows considerable improvement at high temperature, in such a way that the upper limit of bitumen's performance grade has ascended from 58 to 70 for the FT-Paraffin modified bitumen containing 4% FT-Paraffin. In spite of the positive effect of FT-Paraffin additive on the improvement of performance grade at high temperatures, this material identifies no sign of upgrade on low temperatures performance with the application of the additive. The lower limit of bitumen performance grade for all FT-Paraffin contents are determined to be −22
Effect of FT-Paraffin on SHRP Performance Grade.
• C, similar to that of the base bitumen. 
Conclusion
This research evaluates the effects of FT-Paraffin (Sasobit) content on the performance of PG58-22 base bitumen with the following conclusions.
(i) The test results show that the increase in FT-Paraffin content results in higher stiffness and lower softening point. An adverse effect of additive on PI versus PVN shows that the current tests are not appropriate criteria for evaluating the effects of Sasobit content on thermal sensitivity of modified bitumen.
(ii) Higher Sasobit content leads to higher G * and lower δ and consequently higher G * / sin δ (rutting factor) before and after RTFO ageing process. The increase of G * / sin δ means an improvement on the performance of modified bitumen against permanent deformation at high temperature.
(iii) When the additive content is increased, the G * · sin δ value is also increased which may mean an aggravation in the performance of bitumen at intermediate temperature. This may be followed by the reduced strength of asphalt mixtures against fatigue cracking.
(iv) At any given temperature of the study range, increasing Sasobit content leads to an increase in bitumen stiffness at low temperature and a decrease in the m-value which means higher minimum pavement design temperature.
(v) Adding FT-Paraffin (Sasobit) to bitumen results in lower bitumen viscosity. Increasing Sasobit percentage reduces the mixing and compaction temperature range of asphalt mixtures and these processes can be carried out at lower temperatures.
(vi) With higher amounts of Sasobit, the upper level of bitumen performance grade at high temperature improves considerably. Despite the positive effect of Sasobit on the high temperature performance, this material shows no positive effect on low temperature performance of PG58-22 bitumen.
